Background-Pulmonary arterial remodeling characterized by increased vascular smooth muscle proliferation is commonly seen in life-threatening disease, pulmonary arterial hypertension (PAH). Clinical studies have suggested a correlation between osteoprotegerin serum levels and PAH severity. Here, we aimed to invhestigate vascular osteoprotegerin expression and its effects on pulmonary arterial smooth muscle cell proliferation in vitro and in vivo, as well as examine the signal transduction pathways mediating its activity. Methods and Results-Serum osteoprotegerin levels were significantly elevated in patients with PAH and correlated with disease severity as determined by the World Health Organization (WHO) functional classifications and 6-minute walking distance tests. Similarly, increased osteoprotegerin expression was observed in the pulmonary arteries of hypoxia plus SU5416-and monocrotaline-induced PAH animal models. Moreover, osteoprotegerin disruption attenuated hypoxia plus SU5416-induced PAH progression by reducing pulmonary vascular remodeling, whereas lentiviral osteoprotegerin reconstitution exacerbated PAH by increasing pulmonary arterial smooth muscle cell proliferation. Furthermore, pathway analysis revealed that osteoprotegerin induced pulmonary arterial smooth muscle cell proliferation by interacting with integrin α v β 3 to elicit downstream focal adhesion kinase and AKT pathway activation. Conclusions-Osteoprotegerin facilitates PAH pathogenesis by regulating pulmonary arterial smooth muscle cell proliferation, suggesting that it may be a potential biomarker and therapeutic target in this disease.
P ulmonary arterial hypertension (PAH) is a progressive cardiopulmonary disease characterized by pulmonary artery remodeling. During this process, endothelial, fibroblast, inflammatory, and vascular smooth muscle cells undergo activation and proliferation, leading to enhanced pulmonary vascular resistance and pressure, heart failure, and death. 1, 2 Despite an improved understanding of the disease development and treatment in recent decades, the mechanisms associated with pulmonary arterial hypertension (PAH) pathogenesis remain poorly understood. Moreover, current therapies mainly target endothelial function, [3] [4] [5] which fails to fully reverse vascular remodeling and improve long-term survival; thus, the discovery of new molecular targets or signaling pathways therapeutically capable of inhibiting remodeling of pulmonary arteries is needed.
See Clinical Perspective
Osteoprotegerin is a member of the tumor necrosis factor receptor superfamily and expressed in a variety of tissues, including heart and lung. 6 Osteoprotegerin was initially identified for its roles in bone metabolism and cell death through competitive inhibition of receptor activator of nuclear factor-κB ligand binding to its cognate receptor, as well as blocking the ligation of tumor necrosis factorrelated apoptosis-inducing ligand (TRAIL) with its membrane-associated death receptors, respectively. 6, 7 However, recent clinical and experimental data have also linked osteoprotegerin to carcinogenesis and a range of cardiovascular disorders, including PAH. [8] [9] [10] [11] Notably, clinical data showed that osteoprotegerin serum levels were higher in idiopathic pulmonary hypertension and associated with the indicators of disease severity and prognosis, and also indicated that osteoprotegerin expression was increased in both concentric and plexiform lesions in remodeled pulmonary arteries.
Osteoprotegerin in Pulmonary Hypertension
In addition, experimental results indicated that osteoprotegerin promotes the proliferation of various cancer cells and endothelial cells in a TRAIL-independent manner. 14, 15 These data expand the functional significance of osteoprotegerin beyond its presumed role as a receptor activator of nuclear factor-κB ligand and TRAIL decoy receptor, and suggest that it may interact with integrins or fatty acid synthase. 8, 14, 15 This is greatly relevant because pulmonary arterial smooth muscle cells (PASMCs) express several integrin molecules that regulate pulmonary vascular remodeling and contribute to PAH progression. 16, 17 Integrins are a large family of structurally related heterodimeric transmembrane receptors that regulate cell-cell and cell-matrix contacts. 18 Of the 18α and 8β subtypes identified, pulmonary vascular smooth muscles express α 1-5 , α 7 , α 8 , α v , β 1 , β 3 , and β 4 . 17 On the basis of these observations, we hypothesize that osteoprotegerin may contribute to pulmonary vascular remodeling in an integrindependent manner.
In this study, we demonstrated that osteoprotegerin expression was increased in both murine and human pulmonary arterial SMCs (mPASMCs and hPASMCs) in response to hypoxia and in the lung tissue and pulmonary arteries of hypoxia plus SU5416 (HySu)-induced PAH model mice. Moreover, integrin α 1 , α 8 , α v , and β 3 expressions were strikingly elevated in hypoxic mPASMCs. Osteoprotegerin also specifically interacted with α v β 3 integrin under hypoxic conditions and its disruption attenuated hypoxia-induced PASMC proliferation through α v β 3 /FAK/AKT pathway suppression. Collectively, these observations suggest that osteoprotegerin is a potential biomarker and therapeutic target for the management of PAH.
Methods

Clinical Subjects
This study included 76 subjects separated into 2 groups. The PAH and controls groups consisted of 31 and 45 participants, respectively. PAH was diagnosed based on mean pulmonary artery pressure of ≥25 mm Hg with a normal pulmonary capillary wedge pressure of ≤15 mm Hg, as confirmed by right heart catheterization at rest. 19 Because of the heterogeneous role of osteoprotegerin in the pathogenesis of various diseases, patients with comorbiditiessuch as infectious diseases, severe kidney failure, acute coronary syndrome diseases, heart failure, left heart diseases, diabetes mellitus, ongoing liver disease, and malignancies-were excluded from our analysis. Basal characteristics and PAH-associated symptoms for the study population are shown in Table. All subjects provided 
RNA Extraction and Real-Time Polymerse Chain Reaction
Total RNA were extracted from lung tissues and pulmonary artery homogenates, hPASMCs, and mPASMCs with Trizol reagent (Invitrogen, Carlsbad, CA, USA). cDNA synthesis was carried out using a reverse transcriptase kit (Transgene, Strasbourg, France) according to the manufacturer's instructions. The resulting cDNA was amplified with 40 cycles of real-time polymerse chain reaction (RT-PCR) using primers described in the Data Supplement. All PCR products were verified by electrophoresis ( Figure 1A ). Mouse models, hemodynamic measurement, Western blotting, osteoprotegerin measurement, siRNA-mediated gene silencing, lung histology, immunostaining, cell culture, cell proliferation assay, and immunoprecipitations and immunoblotting.
Mouse models, hemodynamic measurement, Western blotting, osteoprotegerin measurement, siRNA-mediated gene silencing, lung histology, immunostaining, cell culture, cell proliferation assay, and immunoprecipitations and immunoblotting are described in more detail in the Data Supplement.
Statistical Analysis
The data are presented as the means±SEM. Chi-square testing and Pearson correlation analysis were performed to assess discrete variables and correlations. For 2-group comparisons of serum osteoprotegerin levels in human only, 2-tailed Student's t test was performed. Differences between the 2 groups were assessed by Wilcoxon ranksum test, whereas comparisons between >2 groups were determined by using Kruskal-Wallis test. P<0.05 was considered to be statistically significant.
Results
Serum Osteoprotegerin Concentrations Were Increased in Patients With PAH and Correlated With Disease Severity
Of the 76 patients assessed for eligibility between March 2010 and September 2015, 31 met the PAH inclusion criteria and 45 volunteers were recruited as controls. Basal characteristics and PAH-associated symptoms for the study population are shown in Table. The control population showed no significant difference in age or sex distribution relative to the PAH group. Osteoprotegerin serum levels were significantly higher in patients from the PAH group as compared to the controls (1.74±0.16 pmol/L versus 4.09±0.41 pmol/L, P<0.0001; Figure 1B ) and positively correlated with mean pulmonary artery pressure (R 2 =0.4058, P<0.0001; Figure 1C ) and pulmonary vascular resistance (R 2 =0.3422, P=0.0005; Figure I in the Data Supplement). In addition, the modified WHO functional classification and 6-minute walking test (6MWT) are two independent predictors of survival and severity for patients with PAH. [19] [20] [21] Consistently, increased serum osteoprotegerin levels were observed in PAH patients with WHO class III or IV relative to those with class I or II (3.00±0.40 pmol/L versus 4.88±0.57 pmol/L, P=0.019; Figure 1D ). Moreover, the osteoprotegerin levels of patients exhibiting reduced exercise capacity (6MWT≤440 m) were also significantly higher than in those with a 6MWT>440 m (4.76±0.48 pmol/L versus 2.43±0.42 pmol/L, P=0.0068; Figure 1E ). 19, 22 In addition, after a mean of 24 months of follow-up, clinical improvement was observed in 14 patients with PAH (11 idiopathic pulmonary hypertension and 3 congenital heart disease-related PAH) treated with prostacyclin analogs (9/14, 7 idiopathic pulmonary hypertension and 2 congenital heart disease) or bosentan (5/14, 4 idiopathic pulmonary hypertension and 1 congenital heart disease). These patients responded with decreased WHO functional classifications (2.9; 95% CI, 2.51-3.35 to 2.0; 95% CI, 1.3761-2.39, P=0.0018) and an increased 6MWT ( Figure 1F) . Notably, treated patients also exhibited decreased serum osteoprotegerin levels during a second evaluation ( Figure 1G ).
Osteoprotegerin Is Upregulated in the Pulmonary Arteries of HySu-Induced PAH Mice
The combination of SU5416 and chronic hypoxia (HySu) induces PAH in mice, which mimics the complex remodeling processes and cytokine profiles observed in human patients. 23 Using this model, we found that osteoprotegerin expression was strikingly elevated in lungs and pulmonary arteries (PAs) from HySu-induced mice compared with normotensive lung tissues (Figure 2A ). Moreover, osteoprotegerin mRNA levels were significantly upregulated in cultured mPASMCs and hPASMCs exposed to hypoxia ( Figure 2B ). Immunofluorescence analysis of murine lung tissue revealed high osteoprotegerin levels in remodeled vessel walls in the lungs, but was substantially lower in control lung tissue (Figure 2C ; Figure II in the Data Supplement). Similar results were also observed in pulmonary arteries from monocrotaline-induced PAH rats ( Figure 2D ; Figure III in the Data Supplement). Furthermore, serum osteoprotegerin was strikingly higher after HySu treatment than in normoxic controls (2.62±0.42 pmol/L versus 5.26±0.60 pmol/L, P=0.0070; Figure 2E ) and correlated with right ventricular systolic pressure (R 2 = 0.4074, P=0.0078; Figure 2F ) and the ratio of the right ventricular wall to the left ventricular wall plus the septum (RV/LV+S; R 2 =0.3483, P=0.0161; Figure 2G ).Taken together, these data suggest that osteoprotegerin is upregulated in PAs after HySu treatment and may facilitate PAH progression.
Absence of Osteoprotegerin Attenuates the Development of HySu-Induced PAH in Mice
Next, we investigated whether osteoprotegerin disruption would modulate PAH progression in HySu-induced PAH. A, Relative OPG mRNA expression in lung tissues and pulmonary arteries exposed to normoxia or HySu (hypoxia+SU5416; n=6). B, Relative OPG mRNA expression in murine and human pulmonary arterial smooth muscle cells exposed to normoxia or hypoxia (1% O 2 ) for 24 hours (n=6). C and D, Immunofluorescence staining of α-smooth muscle actin (α-SMA; green), OPG (red), and nuclei (4′,6-diamidino-2-phenylindole, blue). Scale bars, 20 μm. E, Serum OPG levels were measured in control and HySu mice (n=8). F-G, Correlation between OPG and right ventricular systolic pressure (RVSP) and ratio of the right ventricular wall to the left ventricular wall plus the septum (RV/LV+S) in HySu-induced pulmonary arterial hypertension mice(n=8 Figure 3A ) and RV/LV+S (39.54±1.21% versus 32.02±1.02%, P=0.0011; Figure 3B ) and a higher incidence of nonmuscularized pulmonary vessels following HySu exposure as compared to WT controls (51.28±2.01% versus 34.58±1.63%, P=0.0002; Figure 3C ). In addition, hematoxylin and eosin and immunofluorescence staining revealed reduced vascular remodeling, including reductions in pulmonary vascular wall thickness and muscularization in HySu-treated OPG −/− mice as compared to WT counterparts ( Figure 3C through 3E) .
Effect of Osteoprotegerin on PASMC Proliferation In Vivo and In Vitro
As abnormal PASMC proliferation was the major underlying cause of pulmonary vascular remodeling in PAH and osteoprotegerin expression was mostly upregulated in PASMCs, we monitored osteoprotegerin-mediated PASMC proliferation in vivo and in vitro by proliferating cell nuclear antigen immunostaining. Notably, proliferating cell nuclear antigen expression was significantly higher in PAMSCs from HySu-induced PAH mice as compared to normoxic controls, but strikingly reduced in OPG −/− counterparts ( Figure 4A  and 4B) . Moreover, α-smooth muscle actin immunostaining revealed a significant difference in pulmonary arteriolar neomuscularization, as estimated by α-smooth muscle actin + cells, between HySu-treated OPG −/− and WT mice (Figures 3D and 4C ), but no differences in cellular apoptosis as determined by terminal deoxynucleotidyl transferase dUTP nick end-labeling staining (Figure V in the Data Supplement). Collectively, these data indicate that osteoprotegerin disruption limits pulmonary vascular remodeling by inhibiting PASMC proliferation. Under normoxic conditions in vitro, both mPASMCs and hPASMCs were serum starved for 24 hours before stimulation with recombinant osteoprotegerin (rOPG). Proliferation was measured by cell counting kit (CCK-8) with 10 ng/mL of platelet-derived growth factor-BB as a positive control. After rOPG stimulation, cell proliferation was significantly increased when compared with PASMCs lacking rOPG stimulation, maximal at 50 ng/mL ( Figure 4D and 4E) . However, in hypoxic conditions following different durations (0, 24, 48, and 72 hours) of exposure to 1%O 2 /5%CO 2 , proliferation of PASMCs isolated from OPG −/− mice was significantly reduced when compared with WT controls (Figure 4F ).
Osteoprotegerin Reconstitution in Lung Tissues Exacerbates HySu-Induced PAH in OPG −/− Mice
To further determine the effect of osteoprotegerin on PAH pathogenesis, we reconstituted osteoprotegerin expression Figure 5A) . Furthermore, the RT-PCR analysis demonstrated strikingly increased levels of osteoprotegerin mRNA in the lenti-osteoprotegerin-treated lungs compared with lenti-green fluorescent protein controls (Figure 5B) . Interestingly, lenti-osteoprotegerin mice showed a significant increase in right ventricular systolic pressure (36.63±1.32 mm Hg versus 30.63±1.36 mm Hg, P=0.0135; Figure 5C ), RV/LV+S (38.80±1.47% versus 31.57±1.07%, Figure 5D ), medial wall thickness ( Figure 5E and 5F), and muscularizaiton ( Figure 5G ) compared to controls after 3 weeks of HySu exposure. Moreover, PASMC proliferating cell nuclear antigen expression was strikingly higher in HySu/lenti-osteoprotegerin mice versus HySu/ lenti-green fluorescent protein controls ( Figure 5H and 5I) . Thus, these results suggest that osteoprotegerin promotes pulmonary vascular remodeling.
P=0.0030;
Osteoprotegerin-Mediated PASMC Proliferation Occurs Through Integrin α v β 3 /FAK/AKT Signaling
To determine the repertoire of integrins expressed in mPASMCs and PAs, RT-PCR was performed using primers designed to integrins α 1-5 , α 7 , α 8 , α v , β 1 , β 3 , and β 4 . Compared to normotensive controls, α 1 , α 8 , α v , and β 3 levels were strikingly elevated in cultured hypoxic mPASMCs and PAs from HySu-treated mice, whereas α 5 and β 1 were decreased. No significant differences were observed in α 2-4 , α 7 and β 4 expressions ( Figure 6A and 6B). To determine whether osteoprotegerin could directly interact with integrins, mPASMCs cultured under normoxic and hypoxic conditions for 48 hours were subjected to anti-osteoprotegerin immunoprecipitation analysis. Notably, these results demonstrated that osteoprotegerin specifically interacts with integrin α v and β 3 , but not with α 1 and α 8 , under hypoxic conditions ( Figure 6C ). Integrin engagement has previously been shown to trigger focal adhesion kinase (FAK), extracellular signal-regulated kinase 1/2, AKT activation to promote the proliferation of various cancer and endothelial cells. 14, 15 To determine whether these pathways are activated in pulmonary hypertension, we examined FAK, extracellular signal-regulated kinase 1/2, and AKT phosphorylation in cultured mPASMCs. Interestingly, exposure to hypoxia (1%O 2 ) for 48 hours increased the phosphorylation of all 3 effectors ( Figure 6D and 6E) ; however, both FAK and AKT phosphorylation were decreased in hypoxic OPG -/-PASMCs, whereas extracellular signal-regulated kinase 1/2 phosphorylation remained unchanged ( Figure 6D and 6E ). These observations support that osteoprotegerin promotes PASMC proliferation through integrin α v β 3 /FAK/AKT pathway activation.
To determine whether osteoprotegerin-mediated PASMCs proliferation is the integrin α v β 3 dependent, we examined the effect α v β 3 siRNA on the phosphorylation of FAK and AKT and cell proliferation. Primary PASMCs were transfected with α v β 3 siRNA, resulting in a 69.1% and 64.6% decrease in α v β 3 integrin mRNA expression, respectively ( Figure 7A ). Importantly, integrin α v β 3 -knockdown PASMCs showed decreased rOPG-induced FAK and AKT phosphorylation ( Figure 7B and 7C) and cell proliferation ( Figure 7D ) after osteoprotegerin stimulation. Next, we examined whether osteoprotegerin stimulation could rescue the activation of FAK/AKT signaling in PASMCs. Primary PASMCs isolated from OPG -/-mice were stimulated with 50 ng/mL rOPG, and the phosphorylation of FAK and AKT were significantly elevated, further supporting the notion that osteoprotegerin mediated the activation of FAK/AKT signaling in PASMCs ( Figure 7E ). Moreover, osteoprotegerin stimulation strikingly 
Discussion
This study demonstrated that serum osteoprotegerin levels positively correlated with disease severity in patients with PAH. Notably, osteoprotegerin expression was upregulated in hPASMCs and mPASMCs in response to hypoxia, as well as in the pulmonary arteries of HySu-induced PAH mice and monocrotaline-induced PAH rats. Moreover, osteoprotegerin disruption attenuates PASMC proliferation and subsequent PAH progression and could be restored by osteoprotegerin reconstitution. Ultimately, these effects were mediated by osteoprotegerin-induced FAK/AKT pathway activation through a direct interaction between integrin α v β 3 and osteoprotegerin.
Collectively, these observations indicate that osteoprotegerin plays a critical role in pulmonary vascular remodeling in PAH and is, therefore, a putative therapeutic target for this disease.
Osteoprotegerin is known for its predominant function in bone metabolism. Previous data demonstrate that elevated osteoprotegerin levels are associated with osteopetrosis, 6 whereas its inhibition leads to osteoporosis. 24 Moreover, osteoprotegerin can bind to TRAIL and alter its effects in sensitive cells to promote cell proliferation. 7 Furthermore, accumulating evidence suggests that osteoprotegerin regulates vascular calcification and coronary artery disease. 10, 24 We found that osteoprotegerin was significantly upregulated in PAs in HySu-induced PAH mice and monocrotalineinduced PAH rat. Indeed, osteoprotegerin secretion could be elevated in PASMCs by reduced bone morphogenic proteins receptor 2 (BMR-R2) expression and increased expression of 11 which play critical roles in PAH pathogenesis. 25, 26 The theorized role of osteoprotegerin in PAH was based on clinical data and experimental evidence without specific interventions, 11, 13 where direct proof from genetic models is lacking. Our results address this gap, as osteoprotegerin disruption inhibited PASMC proliferation and mitigated disease severity in HySu-induced PAH animal model. Moreover, osteoprotegerin reconstitution exacerbates pulmonary vascular remodeling, including medial wall thickening and PA muscularization. Elevated osteoprotegerin levels have been previously observed in various diseases 27, 28 ; thus, patients with comorbidities were excluded from the sample population to avoid any unintended artifacts in the study data. Notably, we found that patients with PAH displayed increased serum osteoprotegerin concentrations, which correlated with disease severity as determined by WHO functional classifications and 6MWT. However, because of the rarity of PAH and the financial issues that patients with PAH face, we only recruited 14 patients with follow-up evaluation ≈24 months after receiving treatment. Moreover, all patients showed stable or improved disease after prostacyclin analogs or bosentan therapy, which prevented an analysis of osteoprotegerin levels in nonresponders. Furthermore, the functional significance of osteoprotegerin in PAH pathophysiology should be evaluated in a larger population of patients with specific morbidities.
TRAIL is expressed in vascular smooth muscle cells (VSMCs), and it mediates proliferation by binding to its receptors, DR4 and DCR1. 29, 30 Notably, the expression of TRAIL and its receptors are markedly enhanced in PASMCs from patients with PAH and animal models and facilitate disease progression. 31 These findings suggest that osteoprotegerin may interact with other novel signaling pathways to promote PASMC proliferation rather than solely function as a TRAIL decoy receptor. Many studies, including those of the pulmonary vasculature, indicate that α v β 3 integrin activation promotes SMC proliferation, migration, and survival. 32, 33 Similarly, we observed upregulated α v β 3 integrin in mPASMCS and PAs, where its interaction with osteoprotegerin induced of FAK and AKT phosphorylation and cell proliferation. Previous studies have also shown that osteoprotegerin secreted by breast cancer cells could interact with fatty acid synthase, 8 which plays a key role in pulmonary vascular remodeling. 34 However, rOPG stimulation induced primary OPG -/-PASMC proliferation independent of fatty acid synthase expression (Figure VI in the Data Supplement). Thus, the molecular mechanisms involved in osteoprotegerin-mediated PAH pathogenesis are complex and may be regulated by cross-talk between several signaling pathways. Further investigation will be necessary to elucidate these mechanisms.
In conclusion, our study showed that osteoprotegerin is upregulated in pulmonary arteries of HySu-and In addition, we demonstrated that osteoprotegerin disruption hindered HySu-induced PAH progression in mice through α v β 3 /FAK/AKT pathway suppression, suggesting that osteoprotegerin blockade may be a promising target for PAH therapy.
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CLINICAL PERSPECTIVE
Osteoprotegerin was initially identified as a secreted decoy receptor for receptor activator of nuclear factor-κB ligand and tumor necrosis factor-related apoptosis-inducing ligand to regulate bone metabolism and cell survival, respectively. However, recent clinical and experimental data have also linked osteoprotegerin to a range of cardiovascular disorders, including pulmonary hypertension (PAH). Here, we found that serum osteoprotegerin levels were increased in patients with PAH and correlated with disease severity. Moreover, pulmonary arteries from hypoxia plus SU5416-and monocrotaline-induced PAH animal models also showed elevated osteoprotegerin expression. Notably, OPG −/− mice exhibited decreased pulmonary vascular smooth muscle cell proliferation and mitigated the increased right ventricular systolic pressure and ventricular wall thickening observed in wild-type hypoxia plus SU5416-induced PAH controls. Lentiviral osteoprotegerin reconstitution enhanced pulmonary vascular remodeling characterized by pulmonary arterial smooth muscle cell proliferation, medial wall thickening, and pulmonary artery muscularization. Pathway analysis revealed that these effects resulted from a direct interaction between osteoprotegerin and integrin α v β 3 , which subsequently triggered focal adhesion kinase/AKT pathway activation. Taken together, our data suggest that osteoprotegerin facilitates PAH pathogenesis and thus may be a potential biomarker and therapeutic target in this disease.
